Some effective control parameters for active separation mitigation using asymmetric dielectric barrier discharges is studied by considering the weakly ionized gas flow past a flat plate at angle of attack. A selfconsistent plasma actuator model is employed to couple the electric force field to the momentum of the neutral gas. The equations governing the motion of electrons, ions and neutrals are solved with Poisson equation to study separation control for different parameters. It is observed that dielectric surface becomes negatively charged and a time averaged force acts on the plasma predominantly downstream, with a transverse component towards the wall. Momentum of the plasma couples to neutral gas through collisions, which results enhancement of near-wall momentum yielding a wall-jet-like feature that effectively eliminates the separation bubble. The impact of several physical and geometric parameters such as the amplitude and shape of excitation, dielectric constants, the initial ionization level, and the electrode shape is discussed. It is found that for an optimum distance between the exposed electrodes kept at a single phase the momentum transfer to the neighboring gas is cumulative showing, however, a diminishing return with increasing number of electrodes. 
I. Introduction
LOW control is useful for various aerospace applications. Specifically, efficient passive or active flow actuators are employed to mitigate performance deficiencies under off-design conditions where separation occur impairing performance. [1] [2] [3] [4] Experimental observations have shown the capability of dielectric barrier devices, operating at relatively low power levels, to suppress separation in a wide range of applications even at atmospheric pressures 5, 6 . These plasmabased actuators exhibit several potential benefits in active flow control applications, including absence of moving parts, rapid on-off deployment and attractive self-limiting characteristics. The discharge may be characterized as transient with a time scale of the order of a few microseconds while that for the bulk gas flow is in milliseconds. This allows the fluid to respond relatively instantaneously to the electrical inputs.
Recent studies have demonstrated the capability of plasma discharges to promote boundary layer attachment on airfoils at a high angle-of-attack. Plasma discharge accomplishes this by supplying additional body force to the boundary layer which remains effective even at atmospheric pressures. Acoustic testing of the dielectric barrier discharge (DBD) plasma actuator was done by Baird et al. 7 . Their results suggest that compressibility effects may play an important role in the momentum coupling between plasma and neutral gas. The use of plasma actuator for a variety of flow control applications and its design has also been studied 8 . Numerical simulations have been performed based on assumed body force per unit volume of plasma. Different empirical models for dependence of the volume of plasma on input voltage, frequency and electrode geometry have also been developed and used to further optimize actuator performance. The plasma composition, its physics of generation and methods of plasma momentum coupling to neutral gas have been studied 9 by particle-in-cell and Monte-Carlo (PIC-DSMC) methods. They found that ionization is not equal during both cycles which results in the asymmetrically arranged plasma actuator producing a net force in one direction. Similar result has also been demonstrated by using hydrodynamic first principles with drift diffusion approximation using a three-fluid (charge-neutral) system. 10 The body forces originating from radio-frequency driven asymmetric dielectric barrier-discharge actuators have been calculated using time-accurate unsteady direct numerical simulations 10, 11 and the response of the flow past a stalled NACA 0015 airfoil at 15 deg angle of attack and Reynolds number of 45,000 have been found out. 11, 12 Importantly, the mean and transient flow response in Ref. 13 show gradual purging of large scale features associated with separation due to the formation of a wall-jet as the actuator is placed slightly downstream of separation. The results suggest that both streamwise and normal (towards the wall) components play important roles. The unsteady mode directly associated with the forcing and vortex shedding occurring near the trailing edge is also demonstrated. 13 The present authors have carried out simulation study of an asymmetric single dielectric barrier plasma actuator 14, 15 . They have shown that electron deposition downstream of the overlap region of the electrodes results in formation of virtual negative electrode which always attracts the ions. The force on the charge separation is in positive-x direction during the positive half of the rf voltage and in negative-x direction during negative half of the rf voltage. The magnitude of the former force is higher that the latter. Thus, domain integration of the force on the charge separation and time average of the force was found primarily to be in the positive-x and negative-y direction. In this paper, we study active separation control using asymmetric dielectric barrier plasma actuator. We solve the equations governing dynamics of electrons, ions and fluid to obtain spatio-temporal profiles of electron density, ion density, electric potential, neutral gas density and neutral gas velocity. The parameters controlling the force are the dielectric characteristics, applied voltage, frequency and the asymmetric configuration of the electrodes, thickness of the exposed electrode. The effect of these parameters on separation control is characterized in this paper. In addition, we utilized the force field calculated from the first principles 13 and studied the effect of increasing number of electrodes on the wall jet while the electrodes are kept at a single phase. The momentum transfer to the gas is also predicted for varying the distance between the powered electrodes. This paper is organized as follows. Section II describes the problem statement. Section III describes and interprets the computed results. Section IV summarizes the conclusions. Fig. 1 shows schematic of an asymmetric single dielectric barrier plasma actuator. It consists of two electrodes separated by a dielectric. The upper electrode is exposed to the free stream flow while the lower electrode is placed underneath the dielectric. For most of the cases presented here, unless otherwise specified, these two electrodes overlap horizontally with each other. The region simulated is 10 cm long and 5 cm high. The lower part of the domain consists of a 0.1 cm thick insulator with dielectric constant The initial velocity components u 0 (along the x-direction) and v 0 (along the y-direction) are 10 m/s and 1.75 m/s, respectively, corresponding to an angle of attack (α) of approximately 10 degrees. The separated region observed in the vicinity of the leading edge of the plate is then subjected to control with a suitably placed asymmetric single dielectric barrier plasma actuator. The drift-diffusion form of continuity and Poisson's equations for the electrons and ions are solved as described in Ref. 14 together with the following fluid momentum and continuity equations:
II. Problem Statement
where e n , i n , ρ , e v , i v and u are densities and velocities of electrons, ions, and the working gas, respectively, η is the gas viscosity, S is the Townsend ionization rate, pressure M RT p / ρ = , M (mole/gm) is the molar mass of helium, T is the temperature (300 K), R is the universal gas constant (erg/(mole K)). The bulk density of the helium is taken to be , and the viscosity is assumed to be 1.9 poise. The mobilities α µ and diffusion rates α D are taken from Ref. 14. The self-consistent formulation is solved using a Galerkin variational formulation based finite-element method 16 to obtain electron and ion density, electric potential, neutral velocity and density. The no-slip condition is assumed for the gas neutrals at the dielectric surface and the velocity at the left boundary of upper domain is set to the freestream condition at all times. Homogeneous Neumann conditions are applied to the upper edge of the domain. For the charge equations, the total current continuity is ensured across the dielectric interface i.e., at this location, conduction, convection and displacement currents in the gas are balanced with the displacement current in the dielectric.
III. Results and Discussion
We have studied altogether eleven different cases. We have chosen an initial weak ionization of 10 0 10 = n /cm 3 , a =3.5
(Kapton polyimide), and negligible rf electrode thickness for the reference (base) case. As the gas is preionized, only a small alternating potential of 0 φ =400V is applied to the powered electrode. For the other ten cases amplitude of rf voltage 0 φ , initial plasma density n 0 , dielectric constant a, powered electrode shape, the number of electrode pairs and/or the interelectrode streamwise distance are varied to see the influence of these parameters on flow control. In general, the rf induced plasma actuators work as follows. The electrons are repelled by the insulated electrode and by the exposed electrode during the positive and the negative part of the rf voltage, respectively. The electrons are absorbed at the surface of rf electrode during most of the positive part of the cycle. However, during most of the negative part of the cycle, electrons get deposited at the surface of the dielectric above grounded electrode. The dielectric surface becomes negatively charged. The local imbalance arising from the different mobilities of the ions and electrons results in a time-varying charge separation distribution and establishment of a consistent electric field. The electric field E exerts a net force density E F ) ( e i n n e − = on the space charge separated plasma. At all phases in the cycle, the peak magnitude of the force is located downstream of the rf electrode.
Figures 2 (a) and 2 (b) plot the calculated F for the base case, as function of t ω at x=1.75 cm and y=0.25 cm and x=2.5 cm and y=0.25 cm, respectively. For Figure 2 (a), the x-component of the force takes both positive and negative values during positive and negative parts of the cycle, respectively; its magnitude during the former phase is nearly three times larger than in the latter. The y-component of the force is negative during most of the cycle, becoming marginally positive only at the negative peak of the voltage. Magnitude of both forces is the highest around positive peak of the cycle and almost zero at the end of the cycle. The time average of the force at this point is oriented in the positive x and negative y-direction. Figure 2 (b) shows vector plot of the time average of the force F. It can be seen that arrows are directed towards downstream region from both positive-x and negative-x directions. However, the magnitude of positive-x force is much larger than that of negative-x force. The electric field E is directed from the rf electrode to grounded electrode and the force on the charge separation also follows the electric lines of force. This explains the things about time average of the force. The plasma is highly collisional which results in energy exchange between charged and neutral species. Consequently, collision effects ensure that the dominant neutral species experience an accelerating body force downstream and towards the dielectric surface. Since fluid cannot penetrate the dielectric, it is turned parallel to the surface of the dielectric. The net effect as discussed further below is therefore a gradual mitigation of flow separation. Ensuring the proper magnitude and direction of the time averaged force is key to successful application of DBD for actuating effect at higher neutral gas speeds. The effect of the DBD is highlighted by considering the flow field for the base case. The initial field, without plasma actuator, is shown in the first frame of Fig. 3 (a) , which depicts the streamline pattern and neutral velocity vector at 1 second (1000 times the characteristic flow timescale) after initiation of the flow. A separation bubble develops near the surface of dielectric -in a practical situation this phenomenon degrades performance through impact on drag or control surface effectiveness. When the plasma actuator is switched on, a highly transient process is initiated as shown in the last three frames of Fig. 3 (a) , which depicts streamlines and vectors of neutral velocity after 10, 30, and 50 cycles, respectively. The attachment process downstream of the rf electrode progresses successively downstream: the attachment point is at 6.5 cm after 10 cycles, moving to 8 cm after 30 cycles and finally beyond the computational domain after 50 cycles. This is consistent with the above observation that the net force on the plasma operates downstream of the rf electrode in positive-x direction. The transfer of momentum results in a near-wall energized flow of neutrals, altering the dynamics of the inertial and adverse pressure gradient terms in Eqn. (3) to eliminate the separation bubble. The neutral density is nearly 7 10 times higher than that of the plasma, which is reflected in the time taken to attach the flow over full length of the dielectric. Figure 3 (b) plots the streamwise u-velocity component after 50 cycle parallel to the flat plate for y=0.25 cm, y=0.5 cm, y=1 cm, y=1.5 cm, and y=2 cm. This figure gives us a numerical idea about u-velocity distribution. The u-velocity is nearly zero near the dielectric surface at the end of domain (x=10 cm) and its value increases with the increase y, i.e. as we move away from the dielectric surface. 10 cm -3 respectively. The higher value of initial density results in larger charge separation and hence higher generated electrostatic field. Consistently, the larger force E ) ( e i n n e − yields more energetic plasma and neutral velocities. The significant body force component in the -y direction induces downward flow and, due to the wall impermeability, this results in a complex non-linear interaction between the force, inertial and pressure mechanisms. The net result of which is the desired elimination of separation downstream of the electrode. The Fig. 3a ) as for plasma density 10 
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/cm 3 ( Fig. 4c) , the force produced for initial plasma density of 11 10 /cm 3 is larger than required which results in creation of small residual bubble downstream of the rf electrode. Figure 5 shows arrows of time average of force (a) and (b), arrows of gas velocity (c) and (d) and velocity u as a function of x (e) and (f) for dielectric constant a = 7 and 14, respectively. With the increase in dielectric constant, the magnitude of driver electric field decreases slightly which results in low charge separation and low force on the charge separation. Change in the value of force is not significant therefore small variation of dielectric constant does not have a significant effect on the gas velocities. in the x and y directions, respectively as a function of x along y=0.25 cm, while the streamwise velocity component is shown in Figure 7 (c). For all cases, the positive peak of the force is near x=1.75 cm, i.e., just downstream of the trailing edge of the exposed electrode, while negative peak is near x=3 cm. As φ 0 increases by 50%, the streamwise force increases by a commensurate amount. The ycomponent of the force is negative. The magnitude of both the components of the force decrease sharply with y and is negligible beyond x=4 cm. The correlation between velocity and streamwise body force is highlighted in Figure 3 however, we have determined C = 13.5 and m = 0.5. Figure 8 shows arrows of time average of force (a) and (b), arrows of gas velocity (c) and (d) and velocity u as a function of x (e) and (f) for finite thickness (0.05 cm ) and arcshape rf electrode (x=0.3 to 1.52cm along y=0.1 and 0.2 cm), respectively. The velocities are much higher in the case of arcshape rf electrode case than any other cases reported in this paper. The flow is best attached to the surface in the case of arcshape rf electrode case in Fig. 8 (d) which is due to the increase in the x-component of the force E ) ( e i n n e − . Figs. 8 (a) and 8 (b) demonstrate the effect of electrode radius of curvature. As the curvature increases, the time-averaged force nearly doubles for an arc shaped electrode with a small radius at the tip. This is in agreement with the experimental observation reported in [6] that the force magnitude increases with decreasing radius of electrode. Note the velocity increase for the arc shape in Fig. 8 (f) is extremely high and may be due to numerical overshooting. small and the generated electrostatic field is also small for low density case. Therefore, for n 0 = 10 10 /cm 3 case, the force follows the rf voltage and it is positive for the positive part of the cycle and negative for the negative part of the cycle. Since the first ionization potential of helium is 24.6 eV, this translates to a reasonably high initial rf amplitude (~kV) for this low preionization. For other cases, the force is positive for all the time except from π ω
and corresponding time points in other cycles. When the cycle changes sign, the electron deposition is at the edge of the rf electrode, and not downstream of the rf electrode. However as the negative cycle progresses, the electrons get deposited downstream of the rf electrode and dielectric surface becomes negatively charged and starts behaving as virtual negative electrode and x-force again becomes positive. Thus, F x remains positive for most of the cycle. Time average of the force in low density case is two orders of magnitude smaller that that of reference case which is due to 10 times decrease in both charge separation and electrostatic field. With the increase in rf voltage, the amplitude of time average of the xforce slightly increases with a higher shift in the positive direction. Fig. 9 (b) shows domain integration of F y as a function of normalized time for 47th to 50th cycle. For n 0 = 10 10 /cm 3 case, the force follows the rf voltage and it is generally positive for the positive part of the cycle and negative for the negative part of the cycle. For other cases, the force is negative for all the time. Dielectric surface becomes negatively charged and behaves as a virtual negative electrode, therefore, electric field E y is directed towards dielectric surface. The negative force peaks when the rf voltage is around its positive peak as E y is strong at this time. With the increase in the magnitude of rf voltage negative magnitude of E y increases along with the negative magnitude of F y . Fig. 9 (c) and 9 (d) shows domain integration of F x and F y , respectively, as functions of normalized time between 47th to 50th cycle for sinusoidal f = 1 kHz and f = 25 kHz, and ) ( sin case, the force is negative when the voltage falls after attaining its peak. The electrons get deposited near the rf electrode during increasing voltage and when the voltage starts falling the area around rf electrode behaves as a cathode and the x-force is negative. The magnitude of the force increases with the increase in the frequency of rf voltage as can be seen from the 25 kHz case. Effect of electrostatic field becomes more prominent with the increase in frequency. The time average of the force is 0.34 dyne/cm 3 , 1.18 dyne/cm 3 , 2.25 dyne/cm and 1.7 dyne/cm 3 , respectively for different cases over the cycles. Fig. 9 (d) Here onwards, the cases presented utilize periodic asymptote force field derived for an asymmetric electrode arrangement from the first principles in Ref. 14. The mass balance equation (4) and gas momentum equation (3) are solved together to generate the velocity field. The effect of forces generated due to plasma formation on free-stream velocity is analyzed for two design parameters in a multiple electrode configuration for fixed electrode length of 3 mm.
First, the streamwise space between the exposed electrodes or inter-electrode gap is varied. The results of velocity distribution in streamwise and transverse directions are shown in Figure 10 . We have chosen spacing such that D1=10mm, D2= 6mm, D3= 5mm, and D4= 14mm. The analysis shows that the electrode spacing has a significant effect on the near wall fluid acceleration. Most of force is concentrated in the downstream region of the exposed electrode. Greater the electrode spacing, less effective or less additive is the effect of the force. Any design with gap greater than D1 = 10mm proves to be less effective. The location of the velocity peak gets shifted along y-direction for varying electrode spacing. For example, a seven times rise is observed when probed at downstream location 1mm above the plate. Also, one millimeter reduction of spacing between designs D2 and D3 leads to nearly 21 % increase of peak velocity. Surprisingly, set-up with distances D1 = 10mm and D3 = 5mm exhibit most favorable characteristics compared to D2 = 6mm. Hence, the energy addition to the fluid and consequently the actuator efficiency are dependent on optimizing the design constraint like streamwise inter-electrode gap.
The effect of forces is also analyzed for varying number of electrode pairs maintained at an interelectrode gap of 10mm. The results of velocity distribution are plotted in Figures 11 and 12. A set of forces due to one, two and four pairs of asymmetric electrode configuration is studied. Peak streamwise velocities are at locations just downstream of the last electrode of any chosen configuration. Three such downstream points are chosen (x1<x2<x3) for every case and compared. It is observed from Figure 11 (a) that the near wall fluid velocity increases with number of electrode pairs in the limit of the four-pair configuration studied here. Interestingly, the percentage increase in velocity from a single electrode pair to two-electrode pairs is much prominent (nearly 22% at x2 for example) than configurations with more than two pairs. Only 6% increase is noted at the cost of addition of third electrode pair. Hence, the choice of high number of electrodes for a given plate length may have an effect of diminishing return on flow velocity induced. Figs.  12 (a)-(c) show the velocity vectors for up to four electrode pair configurations. The formation of a localized high velocity zone within few millimeters from the wall (like a wall jet) is clearly noticed here. The vector plots describe the direction and magnitude of the velocity of the flow as a result of the external electric forcing agent. The force contour has a two-dimensional distribution. Hence (apart from the stream-wise velocity addition), the presence of higher number of electrode pair induces small additional transverse momentum downstream of the plate similar to the discussions on Figure 2 (b). It may be noticed again that while the peak of the wall jet moves further downstream, the magnitude does not increase significantly with the increase in number of electrodes from two to four. This should be further analyzed using a consistent force and momentum coupling as this gives us critical information about the scale up. 
IV. Conclusions
Separation control using an asymmetric dielectric barrier plasma actuator has been studied by considering the neutral gas flow past a flat plate at an angle of attack. A self-consistent plasma actuator model is employed to study effect of different parameters on separation control. The model is applied to simulate an atmospheric surface dielectric barrier discharge for partially ionized helium gas. The equations governing dynamics of electrons, ions and neutrals are solved using a two-dimensional finite element based formulation of plasma-fluid interactions to study separation control for different parameters. The electric field generated due to charge separation is governed by Poisson equation. The electrons and ions in opposite directions move due to applied driver rf potential. Dielectric surface becomes negatively charged due to electron deposition and starts behaving as a virtual negative electrode for a part of cycle. A time averaged force, predominantly downstream with a transverse component towards the wall, acts on the plasma, which results enhancement of near-wall momentum of neutral gas that effectively eliminates the separation bubble. The computed results are similar to the experimental data. The effect of the amplitude of excitation, dielectric constants, the initial ionization level, and the electrode shape is determined for the effectiveness of plasma actuators. In addition, the electrodynamic body force computed from the first principles is used to study the effect of the number of electrodes on the wall jet while the electrodes are kept at a single phase. The prediction shows significant increase of streamwise velocity for two electrode pairs compared to a single electrode pair. However, for increasing number of the electrodes a diminishing return is observed. The momentum transfer to the gas is also predicted for varying streamwise distance between the powered electrodes. For the two electrode pair setup, an optimum distance exists where maximum momentum is transferred. More investigation is needed to ascertain optimum electrical parameters. In the near future, the model will be extended to multiple actuators with air-with negative ions and additional new mechanisms in the source terms. A model for realistic fully three-dimensional geometric and electrode configuration is also under development, as is an exploration of the effect of different voltage waveforms. The present effort thus provides a practical tool to augment experimental observations in exploring flow control concepts and in developing suitable inputs for traditional fluid dynamics codes based on the Navier-Stokes equations.
